Abstract
. Moreover, a lack of oxygen is critically involved in the pathogenesis of stroke, myocardial infarction, chronic lung disease and cancer [2] [3] [4] . Accordingly, hypoxia-inducible responses are highly regulated in normal embryonic development and are dysregulated in a number of disease states [1, 5] . Adaptation to hypoxic conditions depends on several factors such as duration and severity, oxygen sensing mechanisms and the tissue affected. One key mechanism is the suppression of metabolic rate that lowers tissue energy demand to a level that can be supplied by pathways of fermentative ATP production alone [6] . Metabolic rate depression is a conserved mechanism and represents an early adaptation to hypoxia in general. It can be seen as a physiological means to establish hypoxia tolerance [7] . However [13] [14] [15] [16] [17] [18] [19] [20] . Further results were obtained in cellular models, e.g. brain cortical cells, or hepatocytes [9, 21] . In most cases the metabolic rate in hypoxia is lowered to 5-40% of the resting rates [22] . For instance, severe hypoxia causes a rapid drop in protein synthesis to ~7% compared to control [23] . During hibernation, metabolic rate can drop to Ͻ5% [24] . As a result of these studies, a unifying theory of hypoxic tolerance was developed [9] [7] . Reduced oxygen consumption by translational arrest is an established mechanism for reducing cellular injury during hypoxia [6, 25] . Consistently, it has been shown that the magnitude of hypoxia resistance inversely correlated with relative mRNA translation rates [26] .
The activation of anaerobic metabolism in hypoxic cells has been described as an effort to maintain energy equilibrium and viability [27, 28] [45] . The translational initiation is thought to be the major site of control of mRNA translation [48, 49] .
The [50] . To our knowledge, the initiation of mRNA translation is the most crucial point in the regulation of protein syntheses in hypoxia. However, it should be noted that the elongation process consumes nearly 99% of the energy needed for translation [45] . [73] . A description of this method and discussion of the suitability to analyse hypoxic conditions can be found in [1] . [53, 54] , and becomes hyperphosphorylated upon hypoxic stress [55] . [58, 59] . Knock-down of 4E-BP1 by short hairpin interfering RNA in U87 cancer cells was associated with a three-fold drop in steady state ATP concentrations [60] . Thus, regulating the rates of protein synthesis via the control of cap-dependent, eIF4F-driven mRNA translation is required to facilitate energy conservation and to gain hypoxia tolerance [7] . It was demonstrated that 4E-BP1 knock-down does not affect the inhibition of global mRNA translation. However, during both normoxic and hypoxic conditions, the absence of 4E-BP1 stimulated the synthesis of specific proteins that are involved e.g. in cytoskeletal organization [61] . [62] and the ribosomal protein S6 [56] , thus enhancing translational efficiency. Several stressors are known to affect mTOR activity [63] . Among them is a loss in ATP, activation of the PI3K-Akt (alias protein kinase B) pathway, or the cytosolic enzyme AMPK [64] . In hypoxia, however, mTOR activity does not seem to be dominantly affected by decreased ATP levels, or the PI3K/Akt pathway [58, 59] [1] . AMPK is further involved in eEF2 phosphorylation and thus in translational inhibition at the level of elongation [68] .
Fig. 1 Analysis of polysomal gradient analysis. HEK293 cells were incubated under control (21% oxygen) or hypoxic (1% oxygen) conditions for up to 36 hrs. (A) Typical ribosomal profiles after sucrose gradient ultra-centrifugation monitored at 254 nm absorbance from the bottom (51% sucrose) to the top (17% sucrose). For further technical details see:

(B) Quantification of rRNA levels in polysomal fractions. Note: Only the translationally active part of the gradient (polysomes), as indicated in (A), is shown. The data indicate that in the hypoxic response a decrease in high-density polysomes (more than six ribosomes per transcript) in favour of an increase in low-density polysomes occurs. The disaggregation of polysomes (as a result of suppressed translational initiation) can be observed as early as after 3 hrs, with a partial recovery at 9 hrs. Prolonged hypoxic conditions (36 hrs) cause a dramatic decrease in high den
Thus, the rapid activation of PERK and subsequent phosphorylation of eIF2-␣ prevents the formation of an active ternary complex and suppresses the global initiation of mRNA translation in hypoxia. Consistent with the data mentioned before, eIF2-␣ phosphorylation shows a partial recovery after 4-8 hrs [33, 55]. Under prolonged hypoxic conditions, a disruption of the eIF4F complex can be observed. This is mediated by the sequestration of eIF4E by 4E-BPs, as well as translocation of eIF4E into the nucleus and processing (P-) bodies by the 4E-T transporter protein [33]. The activity of 4E-BP can be modulated by its phosphorylation status, which is controlled by the mammalian target of rapamycin (mTOR). The serine/threonine kinase mTOR is central to the control of translation in response to stress and nutrient deprivation [56, 57]. Hypoxia has been demonstrated to inhibit mTOR and thus to promote increased binding of 4E-BP to eIF4E, thereby preventing its association with eIF4G, resulting in an inhibition of cap-dependent translation
Besides 4E-BP1, mTOR triggers phosphorylation of the ribosomal protein S6-kinase (S6K). Activation of S6K by mTOR under normal conditions leads to an increased activity of the elongation factor 2
However, alterations in mTOR activity alone are not sufficient to assume a measurable change in overall mRNA translation [54] , thus probably additional mechanisms are required for the activation of specific mRNA translation.
The global inhibition of protein synthesis under prolonged hypoxic conditions may be further linked to a PERK-independent phosphorylation of eIF2-␣. It was shown that in moderate hypoxia eIF2-␣ phosphorylation is required for translational repression under long-term conditions, which, however, was PERK independent [36]. Thus, eIF2-␣ phosphorylation appears to be crucial for the short term as well as long-term suppression of global mRNA translation, whereas mTOR-mediated disruption of the eIF4F complex is likely to cause activation of mRNA specific translation (Fig. 2). In conclusion, hypoxia inhibits mRNA translation at different target points. Under short-term conditions, hypoxia affects translational initiation (via PERK Ͼ eIF2-␣), while under long-term conditions at least three processes are involved: (1) REDD1 Ͼ mTOR Ͼ S6K/4E-BP; (2) AMPK Ͼ mTOR Ͼ S6K/4E-BP; (3) PERK independent Ͼ eIF2-␣, as well as translational elongation (via AMPK Ͼ eEF2K Ͼ eEF2).
Regulation of specific mRNA translation in hypoxia
In the past, the protein synthesis machinery was viewed as a static entity, but it has become clear that its activity is highly regulated. The view of a constant 1:1 ratio of induced/repressed mRNA to protein levels is simply wrong, as shown in diverse studies (e.g. [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] . Both, RNA-BPs and miRNAs, modulate the fate of the transcripts at the level of mRNA stability, localization or translational efficiency [1] .
Subgroups of genes involved in similar cellular processes are supposed to be regulated by similar cis-element/trans-factor combinations. This is also the case for post-transcriptional control of gene expression during the hypoxic response. For instance, a hypoxia-inducible RNA-BP was found to interact with a number of genes, which show an increased expression rate under hypometabolic conditions, including erythropoietin, inducible nitric oxide synthases, tyrosine hydroxylase and tumour necrosis factor-␣ [81] . Furthermore, a specific spectrum of miRNAs is induced or down-regulated during the hypoxic response [82] [83] [84] [85] . This was designated as a miRNA signature of hypoxia [86] . Accordingly, a discrepancy was observed when comparing expression rates of short-lived reporter proteins [1] , and polysomal gradient analysis (see Fig. 1 ), indicating the activation of further, probably mRNA-specific mechanisms of mRNA translation. The data indicate that although ribosomal assembling at mRNAs is impaired at 'free' cytosolic polysomes, the overall gene expression rate may revert to normal in moderate hypoxia. This implies an alternative route of mRNA translation, which, obviously, does not take place in the cytoplasm. As it was shown that distinct areas of mRNA translation are not negatively influenced by hypoxia [87] , it has been suggested that a subset of mRNAs can undergo regulation of local mRNA translation [1] . For instance, it has been proposed that the endoplasmatic reticulum can undergo functional specialization contributing to a higher order spatial compartmentalization and organization of mRNA translation [88] . Membrane-bound polysomes are highly structured, which could promote alternative routes of translational initiation and/or ribosome recycling [89] . Therefore, membrane-bound ribosomes may be a 'privileged' site for protein synthesis during cell stress [90] . Accordingly, it has been suggested that inhibition of eIF2-␣ function, via induction of the unfolded protein response, also results in a compartmentalization of protein synthesis to the endoplasmatic reticulum [91] . However, a direct analysis of local mRNA translation in hypoxia has not yet been achieved.
Another way of how specific subsets of mRNAs may be selected for translation is by sorting at RNA-granules like stress granules (SGs). SGs are rapidly induced in response to environmental stress [92] . Selective recruitment of specific mRNAs into SGs is thought to regulate their stability and rate of translation [93] . It was shown that phosphorylation of eIF2-␣ is essential for SG assembly [94, 95] [57, 102] .
Beside hypoxia, alterations in the translational machinery are currently being investigated in tumours, which usually contain poor oxygenation [103] . It was shown that an altered ribosome biogenesis is associated with increased tumour susceptibility. This might be explained by intrinsic ribosomal defects, leading to alterations in the rate of translation of specific mRNAs important for tumorigenesis [104] . In turn, several proto-oncogenes and tumour suppressors have been shown to directly regulate ribosome production or the initiation of mRNA translation, or both [105] [12] . Furthermore, defects in the overall fidelity of protein synthesis led to severe neurodegeneration and ataxia in mice [106] . Moreover, accelerated protein synthesis causes cardiac hypertrophy [107, 108] , and translational deregulation is involved in the development of diabetic nephropathy [109] . Finally, in yeast, a very large diversity of ribosomes was found, showing functional specificity [110] 
